Recent developments in the field of energy storage materials are expected to provide sustainable solutions to the problems related to energy density and storage. The increasing energy demand for next generation portable and miniaturized electronic devices has sparked intensive interest to explore micro-scale and lightweight energy storage devices. This critical review provides an overview of the state-of-the-art recent research advances in micro-scale energy storage devices for supercapacitors (SCs), as well as their future importance in technology. Much effort has been devoted to fabricate high performance, ultrathin, planar, solid state and flexible micro-supercapacitors (MSCs) with aesthetic appeal. Nanomaterials for MSCs, their fabrication techniques and performances are critically analyzed. The technical challenges and perspectives for MSCs are also discussed. The review concludes with few suggestions for future advancements in this area.
Introduction
With the continuous escalating global population and economy, energy crisis has turned into one of the most crucial problems due to overusage of conventional resources. In this regard, microuidic energy technologies are emerging as the future technology for energy processes. 1 There is an urgent need for renewable energy storage systems due to the disruptive potential of conventional energy resources. Tremendous breakthroughs in nanotechnology lead to nano-revolutions in energy storage devices.
Supercapacitors (SCs), also known as ultracapacitors, are one of the currently available potential energy storage devices with high power density and fast charge discharge rates that can stand alone or in integration with other devices such as batteries in order to fulll the energy requirement.
2-4 They can deliver high power in a very short period of time and exhibit long cycle life. 5 These have emerged as a substitute for batteries and conventional capacitors. In contrast to conventional capacitors, SCs provide several orders higher magnitude of energy density and uptake pulse. 4 The rst patent on SCs came into existence in 1957, when Becker from General Electric Corp. proposed a carbon (high surface area) coated metallic current collector in H 2 SO 4 solution. It was believed that energy was being stored in the pores of carbon. 6 Sohio was the rst to commercialize SCs in 1969. [7] [8] [9] During the period of 1975 to 1981, a new concept of energy storage in SCs was proposed by Conway. 10 SCs were fabricated by using RuO 2 lm in aqueous H 2 SO 4 with high specic capacitance and low internal resistance. 10 He proposed that energy was stored in a non-faradaic process due to redox reactions. SCs became prominent in 1990s, when their potential applications were found in hybrid electric vehicles. 7, 8 Depending upon the charge storage mechanism at the electrode/electrolyte interface SCs can be classied into three categories, namely electrical double layer capacitors (EDLCs), pseudocapacitors and hybrid SCs. In the case of EDLCs electrodes are generally made of high surface area carbon materials having a mesoporous structure.
2 At the electrode/electrolyte interface electrostatically reversible adsorption of electrolyte ions takes place due to which a double layer of charges is formed. The thickness of such a double layer is in the order of angstroms (Å) with a very high interfacial area and leads to the high specic capacitance of SCs. 8, 11, 12 Since there is no chemical reaction involved between the electrode and electrolyte, the process is highly reversible and millions of charge/discharge cycles are possible, thus resulting in the long life time of the EDLCs. 13, 14 Current in the external circuit ows due to the formation and deformation of the double layer. 13, 14 Electrical energy is stored in pseudocapacitors due to the faradaic charge transfer between the electrode and electrolyte. Porosity of the electrode material is a key factor for charge storage in EDLCs. 15 All the pores present in the electrode material are not accessible for accommodating electrolyte ions and hence are not electrochemically active. 16 Pores larger than 5Å are easily accessible to electrolyte ions and the optimum size of the pores is found to be $7-8Å for both aqueous and organic electrolytes. 17 Hence, the size of the electrolyte ion should be compatible with the pore size in order to obtain maximum specic capacitance. Mesoporous carbons (pore size 2-50 nm) are considered as the best electrode material for the fabrication of EDLCs. 3, 18 Surface functionalities are another important parameter for the determination of specic capacitance in EDLCs. 19 The surface oxygenous groups are found to enhance the specic capacitance in the EDLCs. 15 Energy is stored in pseudocapacitors because of faradaic charge transfer between the electrode and electrolyte.
11 Pseudocapacitors show 10-100 times higher specic capacitance than EDLCs. However, pseudocapacitors usually exhibit low power densities and cycling life than EDLCs. 11, 13, 14, [20] [21] [22] Here, charge transfer occurs due to oxidation-reduction, electrosorption, intercalation and the doping-dedoping process. Pseudocapacitive materials such as transition metal oxides and conducting polymers are used as active electrode materials.
3,23
The working voltage for the pseudocapacitors is higher than that of EDLCs. 23 It has been observed that electrochemical faradaic processes occur close to the surface only and a thin layer is responsible for the charge stored in pseudocapacitors. 24 In the past few years researchers have developed SCs with an asymmetrical conguration: a carbon material having double layer capacitance as one electrode and a pseudocapacitive material, e.g. a metal oxide, with faradaic charge storage as the other electrode. SCs with such a conguration are known as hybrid SCs. Usage of two types of electrodes is advantageous in terms of enhanced energy density, lightweight and simultaneous retention of exibility. In hybrid SCs since a pseudocapacitive electrode is used to store the charge, it helps in improving the overall specic capacitance and also extends the working voltage of the hybrid electrochemical capacitors. 11, 13, 14, 22 Hybrid electric vehicles, back-up power systems, uninterruptible power supplies for computers and industrial energy management systems are some of the potential applications of SCs. However, the limited surface area of the electrode materials offers lower volumetric capacitance in SCs, restricting their further use in modern technological devices.
The recent technological trends towards miniaturization of energy storage devices are accelerating the requirement for high-performance portable microelectronics and small-scale energy storage units. Miniaturization of SCs at the microscopic level has attracted tremendous interest in recent years as a potential solution to this demand for energy harvesting.
25,26
Miniaturization of energy storage devices signicantly increases the device density and can deliver energy at higher efficiency. 27 The advent of modern microelectronic devices such as microsupercapacitors (MSCs) fullls the requirement of high power delivery in a very short period of time. MSCs, a novel class of recently introduced miniaturized micro/nanoscale electrochemical energy storage devices, are attracting immense interest owing to their unique features. In contrast to conventionally used batteries and SCs, MSCs offer several orders higher power density, long cycle life and large rate capability, and are environment-friendly as well. 28 More signicantly, onchip microscale devices such as micro-sensors, micro-batteries, biomedical implants and energy harvesting microsystems can be directly integrated or coupled with MSCs and would have the advantage of excellent peak power. 25, 29, 30 Recent advances have been made for patterning of the complex architecture of interdigitated 2D (two-dimensional) microscale energy storage devices or semi-3D devices. However, fabrication of 3D microscale devices is still at the infant stage and requires immediate attention. 25, 26, 31, 32 Several micro-fabrication techniques are in practice for the efficient miniaturization and interdigitation of SCs. 33, 34 Interdigitated planar MSCs have the advantage of quick ionic diffusion in contrast to traditionally used membrane based SCs. 35 However, fabrication of suitable electrode materials and their application in MSCs as an active material while maintaining excellent performance at the micro/nanoscale are key issues and still need to be addressed. Apart from this, the complexity of the patterning technique and non-scalability are also the main shortcomings of the current technologies.
36
Various micro-fabrication technologies such as sputtering, chemical vapor deposition (CVD), layer-by-layer (LBL) deposition, ink-jet printing, 37 electrochemical/electrophoretic deposition, spray deposition and lithography are in use for the miniaturization and integration of MSC devices. 38 Planar SCs have potential application in stretchable/exible electronic devices such as touchscreens, smart sensors and actuators. 30 One of the main concerns in the use of MSCs is that energy and power densities need to be increased either by improving material properties or by designing the appropriate architecture of the devices. [38] [39] [40] Another promising approach is to directly fabricate interdigitated on-chip ngers by using the li-off photoresist technique on a exible surface such as a polyethylene terephthalate (PET) substrate. It has been reported that introduction of exibility in solid-state MSCs would open a new window for their applications in strain-related environments. Interdigitated structures for on-chip design or integration of small-scale devices are required for the fabrication of MSCs compatible with microelectronic technologies.
The increasing demand for multifunctional portable, wearable and rolled up electronic devices has attracted immense interest for the fabrication of exible energy storage devices. 41 MSCs are considered as the most promising power source for microscale and wearable electronic devices due to their high power density, high efficiency and long cycle life. Ecological concerns and a breakthrough in fabrication of low cost carbon nanomaterials may bring a revolution in fabrication techniques of MSCs. Herein we focus on the latest advancements in microscale energy storage devices, their applications in the practical world and future prospectives. We have critically selected the forefront of advanced energy research, technological progress and potential application in the area of miniaturized energy storage devices. Techniques for the fabrication of interdigitated electrodes are discussed in brief. Active electrode materials along with their performance are summarized. The new trends in materials development and characterization, physico-chemical and electrochemical interaction of nanomaterials and future challenges are also mentioned.
Current advances in energy storage
One of the major challenges in the present times is the identication of high-efficiency energy storage devices that do not emit any harmful exhaust. SCs and batteries are widely used electrochemical devices for energy storage and play a crucial role in our daily life. Among numerous energy storage devices currently in use, MSCs have subjugated the portable and exible electronic market as a next generation energy storage device. Recent trends in the design and fabrication of such MSCs were reviewed last year by Gogotsi and coworkers. 38 Research and development of MSCs consuming less power have turned into recent research advancements. Fabrication of high performance MSCs with exibility and stability greatly depends upon the electrochemical and mechanical properties of the electrode material. Hence it is still a challenge to nd out low-cost, appropriate nanomaterials for application as electrode materials in MSCs.
Solid state SCs have emerged as a complement to classical SCs due to their superior performance in terms of power density and ability to work under harsh environmental conditions, especially in space, automotive and bio-implantable systems. 42, 43 Akin to conventional SCs, solid state SCs consist of exible electrodes, packing materials, separators and electrolytes in the solid state. 30 In contrast to classical SCs, only surface charges are used to accumulate power in solid state SCs which store charges in electrical double layers. Solid state electrolytes can signicantly achieve high efficiency energy delivery and enhance the stability and rate capability due to their wider operational voltage window. 44 The higher ionic conductivity and low viscosity further enhance the ion transport between the electrode surface and electrolyte. 44 Moreover, the major problem of electrolyte leakage is solved signicantly and consequently reduces the packing cost. Gel polymer electrolytes such as PVA, and H 3 PO 4 or H 2 SO 4 gels are extensively used as solid electrolytes supported by exible substrates. 45 Planar MSCs, exhibiting planar electrode geometry within a conned surface area, belong to both solid state and exible MSCs depending upon the substrate material. 46 Recent research advancement reveals that planar MSCs can be integrated with autonomous micro-sensor networks due to their high performance and extreme cyclic stability.
3
Despite the immense progress in exible and 3D MSCs, there is still broad scope for research and development in this eld. For instance MSCs having solid electrolytes can restrict passage of sweat from human skin and thus can nd their prospective applications in wearable microelectronic devices. 47 In this regard, ber based supercapacitors hold great potential. 47 The unique architectures of 1D ber-based SCs allow their rendering in a variety of substrate materials with versatile localization at different places. The basic performance, evaluation and current state-of-the-art progress in ber based MSCs are summarized by Chen and co workers.
47
Miniaturization of electronic devices created a great demand for smaller size and high energy density microscale energy storage devices.
48 Among the energy storage devices Li-ion batteries exhibit the highest energy density and still show great promise for the development of high performance Li-ion microbatteries. Flexible, small unit and shape-conformable lithium-ion batteries have aroused immense interest in the past few years. Microbatteries have potential applications in various electronic devices such as micromachines, microsensors, smart cards, transmitters, actuators, drug delivery systems, pacemakers, hearing aids, debrillators, and in vivo imaging.
48-50
The architecture as well as the choice of electrode material in microbatteries is different from that of conventional batteries. Owing to the smaller size, a planar design is not useful since it limits the energy density and areal power. In this regard, a 3D out-of-plane design is found to be appropriate for increasing both the energy density and areal power in microbatteries. One of the challenging issues for introducing exibility in lithiumion batteries is the synthesis/selection of bendable current collectors exhibiting good mechanical properties and fabrication of a suitable electrode material. Last year Shen and coworkers reviewed the current trends towards the fabrication of exible energy storage devices for both lithium-ion batteries and supercapacitors. 51 They further addressed the technological advancements made in CNPs and their composite-based electrode materials in exible MSCs. The integration of lithium-ion batteries and MSCs with other units in order to achieve selfpowered systems for advanced applications was also reviewed.
Ferrari and her co-workers reviewed the manufacturing strategies of 3D Li-ion microbatteries. 48 The operating mechanism for microbatteries and conventional Li-ion batteries is almost similar. Since a separator is not required for all solid state microbatteries, the overall mass of the cell decreases with increase in per unit mass energy density. With decrease in size the diffusion path of the ions also decreases and the ionic and electronic conduction predominantly depend on the electrode material. The thickness of the active layers (electrode and electrolyte) also contributes to the internal cell resistance, since with increase in thickness the overall resistance of the cell increases. Strategies for the selection of materials and electrochemical couples have been discussed by Wang et al. in their recent review.
49 3D nickel sulphide with a hollow structure as an electrode material was synthesized by Lee et al. in order to enhance the areal capacity. The areal capacity of such fabricated microbatteries was found to be 1.5 mA h cm À2 at a current density of 0.5 mA cm
À2
. 52 Westover et al. fabricated an on-chip Li-ion microbattery with a porous Si material passivated with graphene. 53 The device exhibited excellent cycling performance for more than 10 000 cycles without much capacity fading. Inkjet printed porous LiFePO 4 was used as the positive electrode material for the Li-ion microbatteries. The devices showed a specic capacity of 80 mA h g À1 at a cycling rate of 9C with no signicant loss in specic capacity even aer 100 cycles. 50 The ink-jet printing technique was also used by Delannoy et Techniques for the fabrication of interdigitated electrodes are discussed in brief, followed by a summary of active electrode materials and their performances.
Fabrication technique of electrodes for supercapacitors and micro-supercapacitors
The performances of MSCs are greatly affected by the intrinsic property of the material as well as the design of the electrode pattern. Active surface area and pore size matching with the size of the electrolyte ions are some of the crucial parameters in order to enhance MSCs' power and energy density. Hence selection of a suitable electrolyte and design of appropriate electrode patterns are the key steps for the fabrication of next generation smart SCs. The interdigitated electrode is a special architecture of planar electrodes which consist of several microelectrodes (generally termed as "ngers") arranged interdigitally. The ease of control of the inter-electrode distance facilitates in-plane integration. Moreover in solid state or ex-ible MSCs, the electrode weight is negligible in comparison to other components and is not compatible with traditional fabrication processes. Technical aspects generally used for patterning of the architecture of MSCs are discussed here. Inkjet, screen printing, laser writing and conventional lithography are signicant techniques used for the fabrication of MSCs.
Printed micro-supercapacitors
Printed MSCs have become the state of the art in micro-scale energy storage devices over the past few years since they offer reduction in size and bring signicant advantage for industrial applications and commercial viability. [57] [58] [59] [60] Printed energy storage devices can easily be produced on a large scale.
3.1.1 Ink-jet printing. Inkjet printing is a direct printing technique, which provides control over the architecture, localization, thickness and electrical conductivity of printed electrodes on a variety of substrates. 61 It is extensively used for the fabrication of conductive patterns and also in thin lm organic transistors, solar cells, sensors, electrochemical energy storage devices, light-emitting devices, memory and magnetic devices, etc. In contrast to photo-lithography and other conventionally used printing techniques (screen printing), inkjet printing offers great promise due to its simple, versatile nature, low cost and non-contact deposition method. 62 It is suitable for the large scale roll-to-roll mass production system. 58 For instance, Wang et al. fabricated an asymmetric supercapacitor (ASC) by using an HP Deskjet 1010 inkjet printer. Multi-walled carbon nanotubes (MWCNTs) combined with Ag nanoparticle ink was used to fabricate the negative electrode whereas MnO 2 nanoparticles ($60-90 nm) mixed with MWCNTs/Ag ink were used to fabricate the positive electrode. The electrode pattern with the material and printer is shown in Fig. 1 standing graphene paper for the synthesis of exible all solid state SCs. They took commercial paper and coated it with GO using an inkjet printer and then printed this paper with graphene hydrogel-polyaniline (GH-PANI) ink (Fig. 3) . Aer that HI solution was used to reduce GO paper to graphene paper (GP). CO 2 bubbles were used to separate the freestanding lm of GH-PANI/GP from the commercial paper. Graphene paper interacts with GH-PANI via p-p interaction and offers mechanical strength to the freestanding lm. The maximum specic capacitance of the GH-PANI/GP electrode based on mass was found to be 864 F g À1 at a current density of 1 A g pressed against the opening of the mesh and patterns can be made over a variety of substrates, such as cloth and paper.
59
Screen printing enables deposition and patterning of an electrode at the same time and thus reduces the processing time and complexity. 65 Screen printing can be used to synthesize patterns within a short time at a large scale with uniform thickness. cell graphite for SCs by using a solid polymer electrolyte (H 3 PO 4 doped biodegradable poly(vinylpyrrolidone) (PVP)). They used 200 m mesh and manual screen printing to fabricate rGO/PVP electrodes over a PET substrate of 3 cm Â 2 cm having a material loading of 3 mg. A schematic illustration of the fabrication technique along with the proposed ion transport mechanism is demonstrated in Fig. 4 Laser printing is a simple, facile and rapid printing technique which offers accurate control of the inter-electrode distance up to 100 micron scale. 70 A laser printer is generally a typical computer printer that uses a laser beam to draw patterns on a charged selenium-coated drum and then this drum is rolled in a toner which is a type of dry powder ink. Aerwards the ink is transferred to substrates by applying heat and pressure, then the extra ink and charge on the drum are removed. 71 For instance Hu et al. used an HP LaserJet 400 M401 printer to prepare interdigitated electrodes on a exible PET substrate and modied it with a thin layer of Au through thermal evaporation. 70 The printed circuit template and PANI nanowire coating were removed over gold current collectors via in situ electro-polymerization. A schematic illustration of the fabrication of interdigitated electrodes by using laser printing is demonstrated in Fig. 5 . The MSCs showed a high areal capacitance of 26.49 mF cm À2 and volumetric capacitance of 67.06 F cm À3 at a current density of 0.1 mA cm À3 along with a volumetric energy density of 5.83 mW h cm À3 . Cycling stability showed 72.7% retention aer 1000 cycles and it also showed almost unchanged cycling behavior even at bending angles of up to 90 at a 200 mV s À1 scan rate.
Roll-to-roll (R2R) printing technique.
Roll-to-roll gravure-offset printing consists of three major processes, namely doctoring, off and set processes. Initially during the doctoring process ink is removed with the help of a doctor blade so that it can ll the engraved cell of a pattern roll. The off process involves the transfer of ink from the engraved cell to a so blanket made up of silicone rubber by applying sufficient force, while during the set process ink is transferred to the exible substrates in order to print the desired pattern followed by thermal drying as demonstrated in Fig. 6 .
72
R2R gravure printing is itself a very fast printing technique but it was further improved by Lee et al. by combining it with a laser annealing process. 72 They showed that by altering the wavelength of the laser beam in such a way that it is absorbed by the metal nanoparticle lm, it is possible to induce a conned photothermal reaction for melting the metal nanoparticle lm without damaging the whole substrate. The entire process is demonstrated in Fig. 7 (a). The optical experimental setup and SEM characterizations of Ag nanoparticles before and aer annealing are shown in Fig. 7 (b) and (c). 86% retention of the initial specic capacitance was observed aer 1200 cycles even at various physical bending angles at a current density of 5 mA cm À2 .
Xiao et al. used GO solution (5 mg mL À1 ) then rolled it back and forth to achieve uniform coating over commercial paper.
44
The rGO/PANI/rGO freestanding exible paper electrode was fabricated as the electrode material in 1 M H 2 SO 4 aqueous electrolyte solution. Strong p-p interaction existed between the rGO layer and PANI and the extra rGO layer over PANI/rGO paper provided a good conductive network due to the high conductivity of rGO, which further helped to increase the overall capacitance of the MSCs. SEM micrographs of top and crosssectional views of all the three types of nanohybrid papers are demonstrated in Fig. 8 (a-f). Electrochemical characterization of all the three types of MSCs is shown in Fig. 8(g-i) . The specic capacitance of the rGO/PANI/rGO electrode was found to be 581 F g À1 at a current density of 1 A g À1 which was higher than that of rGO (55 F g À1 ) and PANI/rGO (522 F g À1 ) at the same current density. The cycling was performed at a current density of 10 mA cm À2 which showed that the rGO/PANI/rGO electrode retained 85% of the initial specic capacitance aer 10 000 cycles. In another study by Coustan et al. MnO 2 lm was coated over a glass plate and rolled several times to obtain thick lms of MnO 2 .
74 The symmetric SC (1 cm Â 1 cm) was fabricated and tested in 1 M Na 2 SO 4 electrolyte at a potential window of 0-0.85 V. It was reported that MnO 2 in the presence of sodium dodecyl sulfate (SDS) gave a BET surface area of 273 m 2 g À1 and specic capacitance of 164 F g À1 at a scan rate of 10 mV s À1 , higher than those obtained without SDS (133 F g À1 , BET surface area 78 m 2 g À1 ) at the same current density.
Qui et al. used the imprinting technique to prepare a 3D MnO x /Au nanocone array electrode for pseudocapacitors (1 cm Â 1 cm). 75 The nanocone arrays at different growth stages are shown in Fig. 9 . The specic capacitance for the MnO x /Au nanocone electrode in a three electrode system using 1 M Na 2 SO 4 electrolyte was found to be 840.3 F g À1 at a current density of 2 A g À1 . The pseudocapacitor based on the MnO x /Au nanocone as the positive electrode and carbon as the negative 
Micro-extrusion printing.
Micro-extrusion technique is a high throughput printing technique which provides programmable and controllable printing for both 2D and 3D architectures. It also enables printing on different substrates with various printing materials. Sun et al. have introduced the micro-extrusion printing technique for the fabrication of a ex-ible rGO electrode for planar MSCs. 76 In the mirco-extrusion technique, viscous ink is passed through a nozzle with controlled speed and pre-determined trajectory. The motion of the nozzle is controlled with a desktop XYZ motor and a high precision displacement pump. As-prepared interdigitated SCs with PVA-H 2 SO 4 gel electrolyte showed a volumetric specic capacitance of 56.5 F cm À3 at a current density of 0.06 A cm À3 .
3.1.6 Selective laser melting printing technique. Zhao et al. adapted an advanced selective laser melting (SLM) technology for the fabrication of 3D titanium interdigitated electrodes in SC applications with a solid gel electrolyte (PVA-H 3 PO 4 ). 57 In the SLM technology they used a Realizer SLM50 metal printer to produce a high-power laser beam and focused it on a metal bed of ne metallic powder. The laser selectively fused the metal according to the pre-determined soware program. 3D Ti electrodes were further modied with PPy through electropolymerization. The fabricated MSCs with these electrodes are shown in Fig. 10 . The as-assembled solid-state SSCs achieved a volumetric capacitance of 2.4 F cm À3 at a current density of 3.74 mA cm À3 and the corresponding volumetric energy density was found to be 213.5 W h m À3 .
Lithography techniques
Fabrication of carbon nanoparticles (CNPs) with desired nanoarchitectures is usually achieved by a template assisted technique via diffusion of a carbon precursor into an inorganic template. However, the large scale synthesis of CNPs via the template assisted technique is limited. Recently nanoimprinting lithography has been introduced as an economic alternative to print CNPs at a gram scale from thermoplastic polymers. 77 But it requires harsh synthesis conditions such as high temperature, pressure as well as requirement of a highly viscous precursor. A simple, fast and low cost, spin-on nanoprinting (SNAP) technique came into focus for the fabrication of CNPs as the electrode material with a high surface area. This technique basically involved the spin-on of a thin layer of solution into a prefabricated mold and then substrate transfer. Thomas and co-workers 78 adapted SNAP lithography techniques for the fabrication of a carbon nanostructure that was further applied as an electrode material in SCs. A schematic representation of this technique is shown in Fig. 11 .
Deposition and patterning of electrode materials are significant for the miniaturization of SCs. Among the generally used nanocarbons, photoresist-derived pyrolyzed carbon is one of the widely used electrode materials in energy storage devices due to its excellent electrical properties and ease of synthesis. 40 Wang et al. investigated a simple and scalable technique for the fabrication of high-performance MSCs by on-chip integration.
79
On-chip integration was done by combining micro-fabrication and sol-gel approach. An interdigitated electrode of photoresist-derived pyrolyzed carbon was patterned on planar silica wafers via UV lithography. An ionogel electrolyte was then transferred to the interdigitated electrode and was separated by physical separation. The fabrication technique is demonstrated in Fig. 12(a) and optical characterizations are shown in Fig. 12(b-d) . The initial capacitance remained intact even aer 10 000 cycles, conrming the long cycle life of the MSCs. The authors observed a maximum energy density of $3 mW h cm -3 ; more signicantly it was higher than those of thin lm commercial Li-ion batteries and the maximum achieved power density was reported to be 26 W cm À3 . The Nyquist plot and Bode plots are shown in Fig. 12 (e) and (f). Hierarchical carbon nanostructures hold great potential in energy storage devices due to their large surface area and tunable mechanical compliance. 80 combination with an ion etching process is a widely used technique for the fabrication of hierarchical structures.
Photolithography in

81
However till date, only few reports are available for the fabrication of hierarchical carbon nanostructures with lithographic techniques.
81-83 Jiang et al. proposed a facile, economic technique for the large scale fabrication of hierarchical carbon arrays by utilizing nanoimprint lithography followed by oxygen plasma etching on both micro and nano levels. 84 The fabrication technique basically involves three steps: fabrication of hierarchical carbon arrays on a nano/microlevel with nanoimprint lithography followed by oxygen plasma etching and nally pyrolysis and further electrodeposition of MnO 2 lm on C for 3 h. This film is heat treated at higher temperatures to convert it to carbon/graphite. An EDLC SC device is fabricated with two nanostructured carbon electrodes. the carbon array. The hierarchical morphology restricted the collapse of the carbon nanostructures and in addition provided good electrical connections and shortened the ion diffusion path. Song et al. summarized the fabrication of MSCs based on the carbon micro-electromechanical system (C-MEMS) techniques with different architectures and active electrode materials. 85 The term C-MEMS was dened for a set of fabrication methods (stamping, machining, casting and lithography) and was used for the fabrication of glassy nanocarbons by using a pre-patterned photoresist polymer as a precursor. This technique was based on the pyrolysis of a patterned polymer photoresist and is promising for the fabrication of 2D and 3D electrodes for microscale energy storage devices.
Electrolytes for interdigitated electrodes in micro-supercapacitors
The amount of energy stored in the supercapacitors and how quickly this stored energy can be released will depend on the type of electrolyte used in the supercapacitors. 86 Ionic liquids and their derivatives are widely used in energy storage devices owing to their interesting properties such as high thermal stability, wide operating potential window (>4 V), low vapor pressure and non-ammability. 87, 88 The operating voltage window is 1.229 V for aqueous electrolytes, which corresponds to the thermodynamic decomposition of water. Organic electrolytes can go up to 2.7 V (for propylene carbonate solvent) and ionic liquid electrolytes can go up to 6 V, typically about 4.5 V and store a large amount of energy. vapour pressure such as 1-butyl-3-methylimidazolium tetrauoroborate (BMIM BF 4 ). 58 In general, voids and defects present in the crystal lattice of solid electrolytes used in MSCs are responsible for electricity conduction. Leakage during encapsulation of liquid electrolytes can be overcome by using solid electrolytes, as solid electrolytes are dispersed and bound in a polymeric matrix. 
Materials for interdigitated electrodes in micro-supercapacitors
Over the past few decades availability of cost-effective synthesis techniques for advanced nanostructured materials has facilitated their potential applications in energy storage devices. Challenges and opportunities towards new and existing nanomaterials have become a fast growing research eld. However, till date synthesis of suitable electrode materials for fabricating interdigitated electrodes in MSCs with robust performance and stability is still a major challenge.
The ourish of nanoscience and nanotechnology brings to the modern society a mysterious verve of multifunctional nanomaterials along with their various potential applications in diverse elds. The nanomaterials render novel functions and properties for advanced potential energy storage applications, which are promising building blocks for novel products and unique properties. In order to fabricate interdigitated electrodes, carbon nanomaterials, conductive polymers, metal oxides and hybrid nanomaterials have been used as active materials. 3 
Carbon nanomaterials based interdigitated electrodes
The discovery of advanced nanostructured carbons brings signicant improvement in technological applications for the exploration of new materials in micro-scale energy storage devices. 95 Structural variations such as aspect ratio, porosity, hybridization (arising from the crystal structure and lattice packing) play a signicant role in their performance in energy storage devices. 89, 95 The high aspect ratio of porous CNPs signicantly reduces the diffusion time with excellent stability in MSCs. 89 Consequently, there has been emerging interest in the use of CNPs for MSCs due to their maintenance-free nature and excellent life cycle. However, fabrication of CNPs with desired properties (morphology, aspect ratio, electrical conductivity and chemical/thermal stability) requires tremendous processing factors and
4,96-98
To date carbon nanotubes (CNTs), graphene and their related nano-structures have been widely explored in the area of energy storage. 7, 93, 99, 100 CNTs are basically of two types, singlewall (SWCNTs) and multi-wall carbon nanotubes (MWCNTs), which are semiconducting or conductive 101, 102 in nature depending on the rolled-up graphene sheets. Entangled networks of CNTs have also been explored for the fabrication of exible electrodes.
103
It has been reported that the vertically aligned morphology of CNTs enhances the performances of MSCs because of the availability of a better path for diffusion of electrolyte ions into the depth of the electrode material. The direct use of CNTs in inkjet printing is still limited due to their hydrophobic nature and hence the tendency to aggregate even at low concentrations. Applications of graphene as an electrode material are robust in contrast to CNTs due to strong inter-sheet van der Waals attractions. More accessible surface area, porosity and good electrical conductivity are the key properties of the requisite material for efficient charging of EDLCs. 110 In this regard, graphene has emerged as a promising electrode material for the fabrication of planar MSCs due to its unique electrical and chemical properties as well as extremely high surface area and porous nature.
7 Graphene offers an outstanding intrinsic capacitance of 21 mF cm À2 or theoretical capacitance as high as 550 F g À1 .
37,111
Among graphene based nanomaterials rGO has been most widely used as an electrode material due to its economic nature, easily scalable and wetchemical approach to graphene fabrication. 110, 112 Hence, GO based MSCs can be easily industrialized but the requirement of room/low operating temperature is a major drawback for their stability and real world applications. Wu et al. reviewed the current developmental trends for graphene based planer MSCs and their on-chip integration in energy harvesting devices.
26
It is reported that device geometry and architecture signi-cantly affect the performance of MSCs. The in-plane geometry along with high conductivity enhances the performance of graphene based thin lm MSCs. Planar and interdigitated geometries have the benet of connement and transportation of electrolyte ions due to the short ion diffusion distance and hence offer high power density. Laser irradiation is the most commonly used technique for the patterning of electrodes and it was observed that by varying the laser intensity conductivity can be increased up to 5 orders of magnitude. 113, 114 Apart from this, ultrahigh rate planar solid state MSCs based on interdigitated nger-like electrode architecture have been fabricated by using the photolithographic micro-fabrication technique. 32 An interesting approach for the fabrication of asymmetric graphene ber based MSCs with two different types of electrodes that can simultaneously exhibit exibility and increased energy density was reported by Gao and co-workers. 115 Wu et al. used the micro-patterning technique for the fabrication of in-plane interdigitated MSCs on both rigid and exible surfaces, based on nanoscale thick graphene lm.
26 Fabrication of the electrode was carried out by the well-established lithographic technique for patterning graphene based interdigital microelectrodes and further oxidative etching in oxygen plasma. This graphene based in-plane MSC typically exhibited a high power density of 495 W cm À3 and a high energy density of 2.5 mW h cm À3 due to the high electrical conductivity. The fabrication process of the electrode on silicon wafer (rigid) and copper foil (exible) with their microelectrode characterization is illustrated in Fig. 13 . 32 Methane plasma-assisted reduction was used for the synthesis of rGO and the photolithographic fabrication technique was adopted for the fabrication of an interdigitated electrode on silicon wafer. They explored the effect of number and area of interdigital ngers on the electrochemical performance of MSCs and came up with the conclusion that by increasing the number of ngers and narrowing the width, power/energy density, capacitance and cycle life can be enhanced. More number of ngers with a small width in the same area signicantly reduce the average path of ionic diffusion and hence this reduces the resistance of the electrolyte due to the low ion transport 116 and also enhances the interface between the electrolyte and active material. 
Recently, many studies have been devoted to the enhancement of the performance of MSCs via doping of heteroatoms in graphene. Müllen and co-workers fabricated N and B doped, highly uniform and thick, large surface area graphene by using the layer-by-layer (LBL) technique for application in MSCs.
117
Thin lm of N and B doped graphene nanosheets was fabricated by using GO nanosheets, poly-L-lysine (PLL) and H 3 BO 3 . MSCs were fabricated by the lithographic technique followed by dry etching and exhibited an ultrahigh volumetric capacitance of $488 F cm À3 at a scan rate of 200 V s À1 .
Immense interest and efforts were taken to explore economic and green materials for electrochemical energy storage devices due to ecological concerns and search for alternative energy sources as well. In this regard, carbon nanomaterials with interesting electrochemical characteristics are derived from a variety of green sources/waste materials in an environmentally friendly way. Nitrogen doping enhances the electrical conductivity of graphene and hence the performance of SCs due to the generation of dipoles on the graphene surface. Mitlin and co-workers synthesized mesoporous interconnected partially graphitic carbon nanosheets with a high specic surface area (2287 m 2 g À1 ) by using hemp as the bio-precursor via the combination of carbonization, activation with KOH and hydrothermal techniques. 125 Carbon nanosheets exhibited a very high power density of 20-100 kW kg À1 depending upon the synthesis conditions, when applied as an electrode material in ionic liquids from the low (down to 0 C) to high (100 C) temperature range. In contrast to biomaterials or waste materials Zhou et al. used disposable cashmere, a free carbon precursor for the synthesis of mesoporous N and O rich hierarchical electrode materials for high performance SCs. 82 The utilization of high performance CNPs as an electrode material in miniaturized interdigitated energy storage devices is still at the infant stage and needs to be explored.
Metal oxides/nitrides/hydroxides/sulphides based interdigitated electrodes
Over the past two decades transition metal oxides, carbides, nitrides, sulphides and hydroxides have received signicant attention as active electrode materials in energy storage devices due to their structural, electronic and mechanical properties, and multiple oxidation states. 126, 127 MnO 2 ,used transition metal oxides while the most studied noble metal oxides are RuO 2 and IrO 2 . 126 Metal nitrides are the least studied materials in energy storage devices in contrast to metal oxides due to their synthesis complexity and air-moisture sensitivity. Tong and coworkers reviewed the current trends in the synthesis prospects of transition metal nitrides. They summarized the recent progress of metal nitrides in energy storage applications along with future challenges. 131 Recently, nanostructures of various metal nitrides, such as VN, 132 TiN, 127 Since the physicochemical properties of nanostructural materials signicantly differ from those of bulk materials, 128 particle size and morphology offer great opportunities to enhance capacitance performances. 139 Various efforts have been made towards the synthesis of nanoparticles with controlled size and ordered morphology.
36,140
Since its rst application as an electrode material, MnO 2 has shown promising and signicant applications in energy storage devices due to its high theoretical capacitance of 1370 F g À1 ,
24
non-toxic nature and low cost as well. The high cost and adverse environmental impacts of RuO 2 hinders its commercial application even though it exhibits excellent specic capacitance with good electrochemical reversibility. 126 Since miniaturized devices require only minute amounts of RuO 2 , it shows great promise for use as an electrode material in MSCs. Dinh et al. reported the low resolution (distance between interdigitated ngers) fabrication of MSCs via a simple route based on hydrated RuO 2 and MWCNT electrode material. hyper-branched silicon nanowires, silicon nano-trees and silicon nanotubes sparked tremendous attention for technological innovations in miniaturization of energy storage devices due to their high surface area, chemical and thermal stability, corrosion resistance, high power pulse, and biocompatible and biodegradable nature. 147 One such synthesis of porous silicon nanowires via the well-known low temperature lithographic technique was described by Alper et al. 148 These SNWs were further applied as an electrode material on ultrathin carbon sheath and demonstrated a specic capacitance of 325 mF cm À2 at a current density of 1 mA cm À2 .
Apart from controlling the particle size and morphology, an appropriate electrolyte is also a key component for increasing the energy efficiency of MSCs. The electrochemical stability of electrolytes limits the ionic performance of MSCs. Aradilla et al. used a protic ionic liquid (triethylammonium bis(triuoromethylsulfonyl)imide; NEt 3 H TFSI) as an electrolyte for planar MSCs while using chemical vapor grown silicon nanowires as the electrode material. 147 The resulting MSCs demonstrated a high power density of 4 mW cm À2 for a wide cell voltage range of 4 V and long cycle life (several million GCD cycles). In another report Aradilla et al. employed an alternative aprotic ionic liquid (N-methyl-N-propylpyrrolidinium bis(triuoromethylsulfonyl)imide) (PYR 13 TFSI) as an electrolyte for silicon nanowires and silicon carbide nanowires based MSCs.
146
The enhanced compatibility between the electrode and electrolyte improved the stability of MSCs and 75% of the specic capacitance was retained aer 8 Â 10 6 GCD cycles. The MSCs were reported to show good capacitive behavior and exhibited a power density of 182 mW cm À2 and specic energy of 0.19 mJ cm À2 at an operating potential window of 4 V.
Chatterjee et al. reported the corrosion resistance and electrochemical stability of a silicon nanomaterial and graphene hybrid. 149 This hybrid material was further applied to the fabrication of high power on-chip SCs as an electrode material. It exhibited power density of 65 kW kg À1 and energy density of
W h kg
À1
, comparable with other carbon nanomaterials based SCs. The silicon nanomaterial assisted the fabrication of few layer graphene at high temperatures (>850 C) in acetylene and resulted in the enhancement of corrosion resistance against aqueous, organic and ionic environments. Fabrication of asymmetric electrodes in MSCs has emerged as a promising approach to increase the energy density without affecting the power density and cycle life at a wider operating voltage window, 61, 115, 150 since different electrodes offer different potential windows which enhance the operational voltage and ultimately energy density. Tong and coworkers used vanadium nitride (VN) nanowires as a high energy anode material in contrast to carbon materials and VO x nanowires as a cathode material for the fabrication of high energy density ASCs in a LiCl/PVA gel electrolyte.
132 They used VN due to its negative potential working window, higher specic capacitance (1340 F g À1 ) than CNPs and also higher electrical conductivity (s bulk ¼ 
Conducting polymer based interdigitated electrodes
Conducting polymers, such as PANI, PPy, polyacetylene, poly(3,4-ethylenedioxythiophene) (PEDOT), polythiophene, and their derivatives are widely used as promising electrode materials in energy storage devices due to the p conjugated structures of such polymers. 152 The availability of several redox states in conducting polymers offers tailorable electrical conductivity from insulator to metal and holds prospective applications in pseudocapacitors. 153 Tremendous efforts have been devoted to enhance the specic capacitance and stability of MSCs based on conductive polymer electrode materials. Aradilla et al. fabricated a symmetric MSC based on a PEDOT coated SNW electrode material and an ionic liquid N-methyl-Npropylpyrrolidinium bis(triuoromethylsulfonyl)imide as an electrolyte.
154 Improvement in the performance and stability (80% aer >1000 cycles) of the MSCs in contrast to other SNWs based SCs was observed. The MSCs exhibited a specic energy of 10 W h kg À1 at a voltage window of 1.5 V with a maximal power density of 85 kW kg À1 . PEDOT is one of the widely explored conducting polymers for the fabrication of exible MSCs since it offers a wide potential operating window for electrochemical activity in different electrolytes (aqueous, organic and ionic liquids). 155 Nevertheless, MSCs composed of PEDOT based electrodes suffer from low specic capacitance in contrast to other conducting polymers owing to their high molar mass and low doping level. 155 Recently Kurra et al. fabricated PEDOT based MSCs with excellent frequency characteristics of 400 Hz and energy density as high as 7.7 mW h cm À3 . 71 MSCs were fabricated by using the combination of conventional photolithography and the electrochemical deposition technique. MSCs were fabricated on a plastic polyethylene naphthalate (PEN) sheet surface and electrochemical deposition was carried out before the li-off process. The electrode architecture was optimized by using a surfactant-mediated process with sodium dodecyl sulfate (SDS) as the surfactant. More than 80% exibility and stability of the PEDOT MSCs was found to be retained aer 10 000 cycles with a coulombic efficiency of 100%.
Fabrication of 3D hierarchically nanostructured hydrogels of conductive polymers is of growing interest due to the formation of conducting frameworks which provide an ideal interface between the phases of electronic and ionic transport pathways, 156 especially in biological systems. Hence, these can be successfully applied in biomedical devices. 156 However, such hydrogels generally show poor mechanical properties which hinder their practical applications in exible energy storage devices. Shi et al. fabricated the 3D nanoarchitectures of PPy as hydrogels by using an interfacial polymerization technique in a solution-based approach and utilized these as an electrode material in exible SCs. 157 The as-fabricated PPy hydrogel provided tunable electrochemical and mechanical properties as well as scalable processability by controlling the synthesis parameters.
Most of the research on the fabrication of MSCs mainly concentrate on the engineering of electrode materials and their architecture. However, practical integration and utilization in miniature energy storage devices still remains difficult due to the comparatively large distribution of the electrical routing path and contact pads in energy storage devices. 25 Only few reports are available for the compact encapsulation of the electrolyte at the micro-scale. In addition, encapsulation of the electrolyte material in micro-scale energy storage devices is also an issue. Compact integration of MSCs at the micro-level (z720 mm Â 720 mm Â 50 mm), i.e. miniaturization of SCs and integration of MSCs, was achieved by Meng et al. 31 They overcame the issues of micro-scale electrolyte encapsulation in two steps. Firstly a large area of the device was coated with a solid state electrolyte and then MSCs were diced out. The "top down" micro-fabrication was carried out on the top side of a liquid crystal polymer as a current collector and on the bottom side as an electrical contact pad and both sides were connected via a hole contact. The overall process is shown in Fig. 15 . PANI nanowires were used as electrode materials. Multiple MSCs were obtained by a single fabrication technique. Electrode thickness showed a linear impact on the energy storage performance of the microdevice.
Hybrid materials based interdigitated electrodes
Metal oxides and conducting polymers offer higher specic capacitance than carbon materials due to their pseudocapacitive nature. Economic MSCs based on carbon nanostructures generally have a major drawback of low capacitance and energy density.
3 Graphene is widely used a carbon based nanomaterial in energy storage devices. However, its tendency to easily aggregate hinders the superb performance of the devices for superior applications in energy storage. 158, 159 The practical application of conducting polymers or metal oxides as electrode materials in MSCs also suffers from few limitations. Conducting polymers exhibit some drawbacks such as poor substrate binding, less cyclic stability in solution and high internal resistance, while the poor conductivity of metal oxides inhibits their applications in advanced technological devices. A signi-cant issue for the miniaturization of energy storage devices is the need to improve the specic capacitance and energy density within the footprint area of the device while maintaining cyclic stability. 43 A general approach reported by various research groups to address these short-comings is to increase the conductivity of pseudocapacitive materials by incorporating highly conductive materials either by composite formation or direct doping. 34, 39, 83, 107, 144, 160, 161 The introduction of conductive materials provides an opportunity for superior conductivity and also enhances the electrochemical performances of devices.
162
Carbon nanostructures such as CNTs and graphene have been largely explored for the fabrication of composite materials. Signicant advancements have been documented for on-chip integrated solid state and exible microelectrodes. 163 Wang et al. recently addressed the above-mentioned issue by combining a high surface area Si MEMS as a current collector with a close-grained RuO 2 /CNT composite as an electrode material to fabricate on-chip 3D high energy density MSCs.
161
The ICP (inductively coupled plasma) technique was used to fabricate 3D MSCs and the current collector was fabricated by using the FIB (focused ion beam) technique. Ripple-like composite lm of RuO 2 /CNTs with a high specic surface area and conductivity was grown on a "grassy prominence" Si microstructure template via in situ electrodeposition. The footprint of the 3D array structure was 2 Â 2 mm that contained 832 vertically aligned microelectrode pillars. The "grassy prominence" of the substrate helped to bind and deposit RuO 2 nanoparticles on the CNT surface. The specic capacitance and specic power density of these MSCs were reported to be 37 
42
The poor electrical conductivity of MnO 2 obstructs its applications in advanced technologies. To improve the electrical conductivity MnO 2 is usually combined with CNPs. Zeng et al. synthesized a MnO 2 nanowires and nano-porous gold hybrid electrode material and further applied it to the fabrication of solid-state interdigitated MSCs which resulted in a relatively high power density of 3.4 W cm À3 . 165 Furthermore Nan et al. used a hierarchical composite of a binary metal oxide spinel, NiMn 2 O 4 nanosheets, and CNTs for the fabrication of high performance AMSCs. They achieved a high energy density of 60.69 W h kg À1 and power density of 874 W kg À1 at 1.7 V voltage window. 160 Application of MnO 2 and MWCNT composites in 3D microelectronics was also reported by Jiang et al. for on-chip MSC applications. 142 For MnO 2 and conductive polymer based composite materials, the high aspect ratio of the nanoparticles leads to collapse of nanoparticles and hence the active surface area gets reduced which on the whole resulted in the limited accessibility of the electrolyte. 166 A sandwich-like Ag/ PEDOT:PSS/MnO 2 electrode material was fabricated via the LBL assembly by Thomas and co-workers to achieve a large surface area.
134,167
Introduction of poly(styrenesulfonate) (PSS) enhances the solubility of PEDOT and hence spin-coating becomes easy. Ag nanowires were introduced to increase the conductivity of the composite material. The overall assembly enhances the facile transport of electrons via a network structure. These SCs demonstrated a specic capacitance of 862 F g À1 at 2.5 A g À1 current density. 165 Dinh et al. demonstrated a route towards the integration of all-solid-state MSCs exhibiting ultrahigh-energy-density by using a hybrid material of hierarchical carbon nanowalls and hydrous RuO 2 .
168 They decorated porous RuO 2 on the outer surface of vertically aligned carbon nanowalls. Under optimized experimental conditions, outstanding specic capacitance of 1097 mF cm À2 was achieved and the energy density achieved was comparable with that of lithium ion batteries. Hence, this could be a step towards the bridging between batteries and SCs. The selection of an optimum electrode material is a crucial step to achieve high energy density. Hybrid materials were widely employed as electrode materials for MSCs but they also suffer from some limits such as difficulty in further reducing the ionic diffusion pathway and on-chip integration with high energy density. One such approach to optimize hybrid material performance was proposed by Kim et al. 169 They fabricated a exible interdigitated MSC over a PET substrate using a MWCNT/V 2 O 5 nanowire composite with 10 vol% V 2 O 5 nanowires as the electrode material in PVA-LiCl solid electrolyte and integrated it with a SnO 2 nanowire based UV sensor. The volumetric capacitance was found to be 80 F cm À3 at a scan rate of 10 mV s À1 and 0-0.8 V potential window, along with 82% retention of initial capacitance aer 10 000 cycles at a current density of 11.6 A cm À3 . Such an MSC showed a high volumetric energy density of 6.8 mW h cm À3 and a high power density of 80.8 W cm À3 at a current density of 1.8 mA cm À3 . The MSC also showed good electrochemical stability against both convex and concave bending deformation at a radius of 1.5 mm and retained 94% of its original capacitance aer 1000 bending cycles at a bending radius of 7 mm. The authors also demonstrated operation of a UV sensor for 130 s using this MSC.
169
Another major challenge in real life applications of MSCs is their lower energy density in comparison to microbatteries. 170 In this regard the redox chemistry of CNPs having a higher accessible surface area has been successfully applied to enhance the volumetric capacitance of CNPs based electrode materials. 25, 171 Much effort has been taken to enhance the cycle life and rate capabilities of CNPs based MSCs. However their low volumetric energy density is still a key issue to be solved. Fabrication of porous and highly conductive electrode materials along with high packing density can enhance volumetric energy density in MSCs. Chen and co-workers reported the enhancement of volumetric energy density as high as $6.3 mW h cm À3 in a solid-state MSC based on hierarchically structured carbon microbers. 83 They further integrated it into miniaturized ex-ible energy storage devices. Microbers with an interconnected network structure were fabricated hydrothermally with carboxylated SWCNTs, GO and ethylene diamine. The composite microbers exhibited high packing density, electrical conductivity and higher exposed surface area due to the novel interconnected structure as demonstrated in Fig. 16(b) . The specic volumetric capacity of the microbers was found to be 305 F cm À3 in H 2 SO 4 and 300 F cm À3 in PVA-H 3 PO 4 . Flexible MSCs were fabricated as demonstrated in Fig. 16 . More notably the power density was maintained with a long cycle life. This solid state MSC demonstrated excellent electrical conductivity and high packing density while maintaining a large ion-accessible surface. Several approaches have been explored for the sufficient utilization of the high capacitance of conducting polymers and also to overcome the drawbacks of their poor cyclic stability. Fabrication of either micro/nanostructures with diverse morphology or metal oxides and CNPs based composite materials has been reported. 152 However, the nanostructures of conducting polymers are less stable and exhibit poor conductivity. 172 CNPs have been largely applied as conductive scaffolds in conductive polymer based electrode materials. For instance, Yu et al. fabricated a hybrid architecture of PANI-rGO with controlled morphology on a N-doped carbon fabric. 173 Nitrogen doping in carbon fabric was achieved by 2 min exposure in a nitrogen/oxygen atmosphere by pulsed power supply (160 W). PANI nanorods were grown on N-doped carbon fabric by in situ polymerization of aniline, then dipped in GO suspension and nally reduced by HI to obtain the hybrid nanostructure of PANI-rGO as demonstrated in Fig. 17 . The hybrid nanorod array was applied as an electrode material in H 2 SO 4 electrolyte to fabricate exible MSCs. The authors demonstrated that coating of rGO provided resistance against the mechanical deformation and volume changes for the nanowire array of PANI during the long-term charge/discharge process. In addition the strong p-p interaction between PANI and the rGO basal plane provided a good electrical pathway. The MSCs exhibited enhanced capacitance with a specic capacitance of 1145 F g À1 , energy density of 25.4 W h kg À1 and a maximum power density of 92.2 kW kg
À1
. 94% of the initial capacitance for such MSCs was found to be retained aer 5000 cycles.
Polypyrrole holds great potential for use as an electrode material in hybrid composites due to its good stability, high conductivity, ease of fabrication and low cost as well. Various PPy-CNP composites have been explored as potential electrode materials in energy storage devices with enhanced electrochemical performances. 174 Raj et al. demonstrated a simple approach for the fabrication of exible MSCs by using commercially available polymer lapping lm (aluminum oxide bonded polyester) of 4000 grit (particle size 3 mm) as a exible substrate.
174 A graphite akes-PPy composite was used as an electrode material in PVA-H 3 PO 4 gel electrolyte. The graphite akes-PPy hybrid composite was fabricated in two simple steps. Firstly, a graphite rod was soothingly scraped on the surface of lapping lm and then aer removing loosely bound graphite akes p-toluene sulfonate (pTS)-doped PPy was electrochemically deposited on it. Electrical connections were made by the application of conductive silver paste at appropriate places. The as-fabricated electrode exhibited a capacitance of 37 mF cm silicon nanotree (SiNTr) hybrid for energy storage application in MSCs. 175 The SiNTr was fabricated by using the CVD method on silicon substrates, followed by coating with PPy via electropolymerization of pyrrole. An aprotic ionic liquid (N-methyl-Npropylpyrrolidinium bis(triuoromethylsulfonyl)imide; PYR13TFSI) was used as the electrolyte. The specic capacitance of such a fabricated MSC was 14 mF cm À2 with 15 mJ cm À2 energy density at 1 mA cm À2 current density.
Over the past few years sustainable and low cost conductive polymer based exible electrode materials have been gaining immense attention in microscale energy storage devices. However, the low volumetric capacitance in contrast to CNPs and carbides-based electrode materials still constitutes a challenge. One such approach for the fabrication of freestanding and exible electrodes was demonstrated by Strømme and coworkers.
176 They tailored the surface functionalities of the most abundant biopolymer nanocellulose bers (u-NCFs) with anionic carboxylate groups (a-NCFs) or cationic quaternary amine groups (c-NCFs). NCFs-PPy composites were fabricated by the polymerization of pyrrole in the presence of all the three types of NVFs (u-NCFs, c-NCFs, and a-NCFs). The composites exhibited porous structures with numerous intertwined bers. They showed that surface modication of NCFs can signi-cantly affect the mechanical properties of composites. Cationic modication leads to higher exibility, tensile strength, density and a lower surface area while anionic modication resulted in lower exibility and higher surface area. PPy-NCF composite papers ($1.0 cm Â 1.0 cm) separated by ordinary lter paper were employed as electrodes for the fabrication of exible SCs with Pt foil as the current collector. Up to 122 F cm À3 volumetric capacitance and 127 F g À1 full electrode-normalized gravimetric capacitance was achieved at 300 mA cm À2 current density.
ASCs, a modied version of traditional SCs, demonstrated superior performance in terms of energy density since they can be operated at a higher voltage window in aqueous solution.
177
Fiber based ASCs have scarcely been reported due to the complication in the fabrication of compatible ber electrodes. Gao and co-workers were the rst to fabricate graphene based exible MSCs with high volume energy density (11.9 mW h cm À3 ) and cyclic stability. 115 Hybrid materials of MnO 2 -graphene and CNT graphene were used for the fabrication of asymmetric electrodes in a PVA/LiCl gel electrolyte by using facile wet-spinning assembly. Apart from graphene nanosheets or rGO, graphene quantum dots have also been used in energy storage applications due to the high density of edge defects and pronounced quantum connement. Graphene quantum dots (anionic electrode material) and PANI nanobers (cationic electrode material) based ASCs were fabricated by Liu et al. using the electro-deposition technique on an interdigital nger gold electrode.
39
CNPs have been largely explored as anode materials in ASCs, since they offer high surface area with excellent electrical conductivity. Although high power density was achieved by using CNPs as electrode materials, the low energy density of ASCs is still a major concern due to the low capacitance of CNPs.
30 
Flexible micro-supercapacitors
Due to the increasing demand for miniaturized, exible, light weight and wearable electronic devices it is a challenge to design and fabricate an energy storage device which is compatible with these requirements. Flexible and thin lm SCs are attracting great attention in the eld of light weight and wearable ultrathin energy management devices due to their higher power density than batteries, long cycling stability and environment-friendly nature. Technologies to develop exible MSCs for real world applications are scarce. Various approaches have been investigated for the fabrication of exible electrodes. Mainly two of these techniques involve fabrication of electrodes either by the direct growth of a CNPs/hybrid material on ex-ible, porous and light-weight substrates or by coating/ printing. 28, 41, 59, 72, 83, 115, 180 For example Zhu et al. reported the fabrication of printable 3D MSCs based on nano-composites consisting of cobalt oxide (CoO) nanoowers woven with CNT networks.
180 A hydrothermal technique was used to synthesize CoO/CNT nano-composites. A schematic representation of the steps involved in the growth of nano-composites is illustrated in Fig. 18(a) and the SEM image in Fig. 18(c) . Further, an electrode for a exible MSC device was fabricated on a PET surface in two steps (Fig. 18(b) ). Firstly silver ink was screen printed on the PET surface followed by the printing of nano-composites as the active material. Evolution of the bending angle vs. capacitance ratio is shown in Fig. 18(d) .
An attractive approach using a facile LBL based patterning technique for the fabrication of fully interdigitated 3D microscale energy storage devices inside a bulk volume of aerogel was demonstrated by Nyström et al. 36 Aerogels, with the highest known specic surface area and pore volume, can be fabricated from a variety of organic and inorganic materials. 181 Negatively charged cross-linked cellulose nanobril aerogels were used as a substrate material for the fabrication of MSCs and batteries by taking advantage of the coulombic attraction in LBL deposition as demonstrated in Fig. 19 . For the fabrication of MSCs, cationic polyethyleneimine (PEI) aerogel was applied as a substrate and carboxylic acid functionalized SWCNTs as the electrode material (Fig. 19(b) and (c) ). A multilayer (30 layer) lm of PEI/polyacrylic acid was applied as a separator. The 3D SC performance was maintained even aer 75% compressions and 400 cycles with a capacitance of 25 F g À1 (Fig. 19(d) and (e)).
36
Qin et al. fabricated an ultrathin, exible SSC of 26 mm thickness, thinner than the commercial A4 print paper (almost 100 mm).
182 Chemical vapor deposition was used to prepare porous carbon nanobers/graphite (pCNFs/G) hybrid lms over a Cu foil supported Co catalyst. All the key steps involved in the fabrication of interdigitated electrodes are demonstrated in Fig. 20 . The authors showed that thin lm of porous graphite ($25 nm) was also formed and worked as a current collector even aer removing the Cu foil. Due to the good ohmic contact between the pCNFs and graphite sheet, electrons and ions can be transported easily through the pCNFs, which offers high power density to the device. The maximum energy density obtained was 2.4 mW h cm À3 and power density was 23 W cm
À3
with the PVA-H 2 SO 4 gel electrolyte. The largest specic capacitance of the pCNFs/G electrode was found to be 120 F g À1 at a current density of 1 A g À1 . The cyclic stability of the device showed 96% retention aer 5000 cycles at a current density of 5 A g À1 . 182 Kim et al. fabricated a exible MSC from a photoresist derived carbon by using simple transfer techniques. The areal capacitance was found to be 0.75 mF cm À2 at a scan rate of 100 mV s À1 which remained at 0.36 mF cm À2 at a higher scan rate of 10 V s À1 at a potential window of 0-0.8 V using 0.5 M H 2 SO 4 aqueous electrolyte. The cycling was performed for 10 000 cycles at a scan rate of 100 mV s À1 and it showed 86% retention of the initial capacitance. The device also exhibited good exibility and showed only 2% deviation of the initial volumetric capacitance aer 300 cycles at a scan rate of 100 mV s À1 while the bending radius varied from 17.5 mm to 5 mm.
183
At the nanoscale, the contact resistance between two rGO layers efficiently affects the electrical transport properties of nanographene sheets. Much effort has been taken to reasonably design highly conductive graphene based electrode architectures for MSCs at an economic level. One such effort was attempted by Liu et al. 184 They synthesized a exible interdigitated MSC electrode based on the composite lm of graphene/ MnO 2 /Ag nanowires (RGMA) by using vacuum ltration followed by a thermal reduction technique. The morphology of RGMA was needle-like having diameters ranging from 20 to 50 nm and length varying from 200 to 500 nm (Fig. 21) . They showed that by increasing the interspace distance between electrode ngers from 200 mm to 800 mm the performance of the MSC decreased in terms of its volumetric capacitance and power density. Increasing the interspace distance increases the average ionic diffusion pathway resulting in increase of electrolyte resistance and hence an overall decrease in the MSC's performance. Further, the effect of nger electrode width was also investigated. On increasing the nger's width specic capacitance decreases, as the narrow nger maximizes the available area as well as shortens the ionic diffusion pathway. The cyclic voltammetry curve remained rectangular even at a high scan rate of 50 V s À1 for all the devices, suggesting the high power capability of RGMA MSCs.
184
In a similar report, a simple vacuum ltration technique followed by thermal reduction of graphene oxide was used by Kim et al. to synthesize rGO/TiO 2 composite-free standing lm for exible MSCs (electrode area 0.1 cm 2 ). 185 The rGO/TiO 2 composite lm was thermally reduced at 600 C and 
187
Similar to graphene, CNTs also possess key characteristics such as good mechanical properties, low density, high porosity and small cross-section area, and have been largely utilized in exible MSCs as active materials. For instance, Kim et al. fabricated a exible interdigitated nger electrode MSC with MWCNTs patterned on a poly(dimethylsiloxane) (PDMS) substrate with PVA-H 3 PO 4 gel electrolyte. The maximum volumetric capacitance was 5.5 F cm À3 at a scan rate of 10 mV s À1 at a potential window of À0.4 V to 0.4 V for 100 mm interspace, higher than that for 500 mm and 1000 mm interspace MSCs. The CV curve remained the same even for a bending angle of 120 , and retained 98% of the initial capacitance value aer 10 000 cycles at a current density of 0.035 A cm À3 as illustrated in Fig. 22 .
188
Flexible MSCs suffer from few drawbacks which limit their practical applications in the real world. One such major drawback is air instability; a major decrease in capacitance (retention of $3% of the initial value) was observed aer one month. Last year Kim et al. reported the fabrication of highly stable exible MSCs even in air. They showed 80% retention of specic capacitance aer 30 000 cycles during GCD at a current density of 1.4 A cm
À3
, with good stability up to 90% of the initial specic capacitance even aer 8 weeks under ambient air conditions.
189
A MWCNT based interdigitated MSC was fabricated with a photolithography patterned ionogel electrolyte over a exible PET substrate. 189 Until now in most of the reported exible MSCs stretchability of the SCs is due to the constituent materials and substrate, which greatly limit the applications of MSCs in exible and wearable electronics. 129, 158, 166 In this regard, integration of MSCs into a circuit holds great promise for circuit design. Hong et al. fabricated all solid state exible MSCs over a specially designed PDMS island with PVA-H 3 PO 4 electrolyte by using MWCNT/Mn 3 O 4 as the electrode material.
72 Electrical connections were made by a liquid metal Galinstan to connect active devices for the minimization of strain. The strain applied to the device was accommodated by the substrate material. On repeated deformation the overall performance of the MSCs was not affected much due to interconnections. The authors performed the CV test for 3000 cycles aer stretching under 40% uniaxial strain at 200 mV s À1 scan rate and observed 92% retention of the initial specic capacitance (Fig. 23) . The maximum areal capacitance for the single electrode was found to be 0.63 mF cm À2 at a scan rate of 10 mV s À1 at a potential window of 0-3 V and the corresponding energy density and power density were found to be 2.6 mW h cm À3 and 23 W cm À3 , respectively. Integration on both sides resulted in increase in the areal density by two times compared to planar MSCs. More signicantly serial interconnection offered higher output voltage beyond the electrolyte limits. The authors also proposed that such MSCs hold great potential for future application in wireless, body-implantable and wearable nano-electronic devices without the need for any external power source. Lim et al. reported the fabrication of biaxially stretchable interdigitated MSCs. They locally implanted polyethylene terephthalate (PET) lm on a so elastomer (Ecoex) substrate as a new electrode material to achieve superior stretchability. The key steps and primary concept involved in the fabrication of MSCs are demonstrated in Fig. 24 .
190 Surface functionalized MWCNTs with -COOH and -NH 2 groups were used as electrode materials and the LBL assembly was used to prepare interdigitated MSCs on exible substrates using poly(ethylene glycol) diacrylate and 1-ethyl-3-methylimidazolium bis(triuoromethylsulfonyl)imide as the ionogel electrolyte. Such fabricated MSCs demonstrated an energy density of 25 mW h cm À3 at a power density of 0.75 W cm À3 which remained at 11 mW h cm À3 at a higher power density of 32.18 W cm À3 at the biaxial strain of 50% and showed that there is no noticeable change in the device performance aer applying the strain. The authors tested the mechanical stability of those devices by applying 70% uniaxial stretching during the CV test which showed only 4% loss in capacitance aer 5000 cycles. They also lighted m-LEDs with this device under stretching conditions and without stretching, and observed that there was no change in the brightness of m-LEDs even aer stretching up to 50%.
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Dand et al. fabricated exible wire shaped MSCs based on a Ni(OH) 2 nanowire ber electrode (Fig. 25) as the positive electrode and an ordered mesoporous carbon ber electrode as the negative electrode with a PVA-KOH solid electrolyte. The length of the wire shaped MSC device was 3 cm and the diameter was 0.6 mm. The length specic capacitance, areal Fig. 26 .
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Wearable electronics are continuously attracting attention in modern technologies, and demand further development of compatible microscale energy storage devices that can be woven into cloths. 192 Fabrication of wire/ber shaped energy storage devices such as MSCs is the key requirement to be used as energy sources in wearable electronics. Wire MSCs offer promising applications with high exibility and lightweight structures. Since rst reported by Dalton and co-workers, 193 CNTs and graphene hold great potential as electrode materials in ber MSCs because they can be easily spun into bers. 194, 195 Enormous effort has been made for the development of lightweight, highly efficient and exible wire SCs. However, there is still room for lot of improvement in their electrochemical performance.
Ma et al. fabricated composite bers of GO and pristine fewwalled CNTs (FWCNTs) by dispersing FWCNTs in GO suspension and then spinning them into bers using a Petri dish wetspinning approach. GO-FWCNT bers were then reduced with HI to obtain rGO-FWCNT composite bers. 196 FWCNTs were used as a ller due to the higher electrical conductivity than MWCNTs and lower aggregation than SWCNTs in order to increase the strength and exibility of the bers. Flexible two-ply wearable SCs were assembled by using composite bers of rGO- Fig. 23 (a) Photograph of an MSC array under an applied strain of 40%; (b) distribution of the maximum principal strain estimated using the finite element method (FEM) upon uniaxial stretching at an applied strain of 40%; (c) CV curves of the MSC array obtained while increasing the strain from 0% to 40% (stretching) and decreasing the strain from 40% to 0% (releasing); (d) normalized capacitance (C/C o ) of the MSC array with the strain varying between 0% and 40%: black triangles (stretching) and red circles (releasing); (e) CV curves of the MSC array subjected to repeated stretching under an applied strain of 40%; (f) normalized capacitance (C/C o ) as a function of the number of stretching cycles under a strain of 40%. C and C o are the capacitances after and before stretching, respectively. . The authors increased the linear capacitance by twisting many composite bers to resolve the issue of performance degradation while increasing the ber length. Dai et al. fabricated highly exible and portable solid state MSCs with the use of nanostructured pen ink-carbon-ber (Ink-CF) as an active electrode material. 197 Commercially available carbon ber thread was used as a scaffold and current collector, and was repeatedly coated with pen ink till the coating reached a mass density of 0.48 mg cm À1 by using the dip-coating process. Ink coating was used to increase the conductivity of CF without altering the shape. Fabrication of wire shaped MSCs is demonstrated in Fig. 27(a) . Initially a plastic wire was coated with CF and then LiCl-PVA solid-state gel electrolyte. CV curves of both coated and uncoated CF are demonstrated in Fig. 27 (b) and the MSCs in Fig. 27(c) . The specic capacitance of both the MSCs (CF and Ink-CF) is demonstrated in Fig. 27(d) , which clearly reveals the higher specic capacitance of the coated MSCs (4.31 mF cm À2 ) in contrast to bare MSCs (0.81 mF cm À2 ).
GCD curves of the Ink-CF MSCs is shown in Fig. 27 (e). The energy density was found to be 3.8 Â 10 À7 W h cm À2 at a power density of 5.6 Â 10 À6 W cm À2 for such fabricated wire MSCs. To demonstrate the potential application of MSCs in self-powered micro/nanosystems, the authors integrated these MSCs with a triboelectric nanogenerator and charged 8 light-emittingdiodes (LEDs). Fig. 27(f) demonstrates the schematic diagram of integration of MSCs with the triboelectric nanogenerator and the optical image for the same is shown in Fig. 27(g) . Lighting of LEDs and the corresponding charging curve are shown in Fig. 27 (h) and (i), respectively. Liu et al. proposed an economic and green technique for the fabrication of wire SCs with high potential electrochemical performance. 198 They fabricated a nanocube array of Mn 2 O 3 which was directly aligned on carbon bers via hydrothermal treatment. SCs were fabricated on PET lms with composite bers in PVA/H 2 SO 4 gel electrolyte with different structures and design such as straight (S-FSC), bent (B-FSC) and coiled (C-FSC) as demonstrated in Fig. 28(a-c) . The exibility of the devices is demonstrated in Fig. 28(d-f) . Electrochemical performances (CV) are shown in Fig. 28(h) . They showed that coiled electrode architecture exhibited the best performance among other architectures. , (c) CV curves of the Ink-CF (about 2 cm) thread device at different scan rates, (d) specific capacitances of the micro-supercapacitors with different structures at various scan rates, (e) galvanostatic charge-discharge curves of the Ink-CF thread device (about 2 cm) at various currents, (f) schematic diagram of the self-powered nanosystem which is integrated by a triboelectric nanogenerator and three microsupercapacitors (2 cm each), (g) optical photograph (top) and schematic diagram of the triboelectric nanogenerator (bottom), (h) optical photograph of 8 commercialized LEDs lighted by charged microsupercapacitors connected in series, (i) charging curve of three micro-supercapacitors connected in series charged by using the triboelectric nanogenerator. to 100% strain or 20 successive loading unloading cycles, no signicant reduction in the electrochemical performance was observed. More signicantly 8.2% increase in areal specic capacitance and 25.8-55% increase in power density were observed aer strain.
Summary and perspectives
This review summarized the recent research advancements in the fabrication techniques, electrode materials and performance of interdigitated miniaturized SCs and their practical integration in on-chip devices. Signicant advances have been made in the miniaturization of SC devices and introducing exibility among them. By controlling the composition of the electrode material/electrolytes and optimizing the electrode pattern, the performance of the MSCs can be improved. Although great achievements have already been made for the fabrication of exible MSCs, there still exist many drawbacks which need to be addressed for enhancement in the performance and cycle life of MSCs. Furthermore, new generation transparent, exible and multifunctional miniaturized SCs have been fabricated based on hierarchical nanomaterials and their composites with superior performance. Although some of the reports have demonstrated the fabrication and testing of interdigitated electrodes and further on-chip integration, fabrication and real word application of fully integrated and exible SCs with "true" 3D architecture are still at an infant stage. The energy densities of MSCs are still very low compared to micro-batteries. Usage of aqueous based gel electrolytes is one of the limiting factors in current MSCs which limits the working voltage of the device. Immediate attention is required for the development of gel based solid electrolytes that improve the cell voltage. In this context, utilization of an ionic liquid or organic based polymer electrolyte may be an effective methodology in order to achieve high energy as well as high power densities of MSCs. Further, the combination of MSCs and micro-batteries may be another way to achieve higher energy and power densities.
The following research aspects need to be explored in order to introduce exibility, on-chip integration and further improved performance.
(i) One of the major issues for the fabrication of exible MSCs is the exploration of suitable current collectors which exhibit high exibility, are economic in nature and easy to fabricate with good stability.
(ii) Fabrication of MSCs having real 3D characteristics with higher exibility and energy density.
(iii) Practical integration and further utilization of miniature energy storage devices in real world applications are scarce. Hence, integration of miniaturized MSCs with other energy storage devices at the microscale needs to be further investigated.
(iv) Fabrication of eco-friendly wire MSCs and further enhancement of their electrochemical performances for wearable electronics.
Moreover, there is great hope that integration of green materials such as biomaterials and new functions could further expand their applications for the fabrication of green MSCs.
